Meson model for /o(980) production in peripheral pion-nucleon reactions 
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The Jiilich model for vrTr-scattering, based on an effective meson-meson Lagrangian is applied 
to the analysis of the S-wave production amplitudes derived from the BNL E852 experiment 
7r~p ~> TT^Tr^n for a pion momentum of 18.3 GeV and the GAMS experiments performed at 38 GeV 
and 100 GeV. The unexpected strong dependence of the S-wave partial wave amplitude on the 
momentum transfer between the proton and neutron in the vicinity of the /o(980) resonance is 
explained in our analysis as interference effect between the resonance and the the non-resonant 
background. 
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Meson spectroscopy in the scalar-isoscalar channel has 
received increasing interest motivated by the search for 
non-gg mesons, such as glueballsllj. The large number 
of experimentally observed O^'^+resonances suggests that 
some of those resonances may have a more complicated 
structure than the conventional qq structure 0, ■ The 
/o(980) has been a candidate for a non-gg meson for more 
than two decades H @, i, S H i, Col • 

Recently, the scalar-isoscalar tttt partial wave ampli- 
tudes have been deduced from two pion interaction ob- 
tained via the charge-exchange reaction vr^p — > Tr^ir^n 
measured for incident pion momentum of 18.3 GeV 
by the E852 collaboration at the Brookhaven National 
Laboratory (l^. In the vicinity of the invariant two-pion 
mass TTiTrTT = 980 MeV, a peculiar behavior of the S- 
wave amplitude has been observed. Such an effect has 
also previously been reported by the GAMS collabora- 
tion for a beam momentum of 38 GeV |0. While for 
small momentum transfers between the proton and the 
neutron {—t < 0.1 GeV^) the scalar amplitudes show 
a dip around 1 GeV, a sharp peak is seen at the same 
energy for large momentum transfers {—t > 0.4 GeV^). 

This observation has been interpreted as evidence for 
a hard component in the /o(980) which would make the 
interpretation of this scalar meson as a KK molecule 
unconvincing 0, Q, lisl Hif . Here we want to show 
that the strong dependence of the /o(980)-production on 
the momentum transfer between the proton and the neu- 
tron is not in contradiction with a strong KK contribu- 
tion to the /o(980). Actually we will show in the fol- 
lowing that this t-dependence is due to the interference 
between the resonance structure and the non-resonant 
background and does not depend on the detailed struc- 
ture of the /o(980). 

For ultrarelativistic beam momenta in the present 
kincmatical regime the reaction tt~p — > tt'^tt'^ti is a pe- 
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FIG. 1: The tt n production events as a function of the 
square t of the momentum transfer between proton and neu- 
tron. These data are used to determine the slope factors b. 
Solid line: meson-exchange model including final state inter- 
actions between the produced mesons ( see Feynman diagrams 
of the insert ). Crosses: the BNL-E852 data|ll|. 



ripheral one. This implies a relatively simple reaction 
mechanism which suppresses especially the excitation of 
nucleon resonances. The relevant Feynman diagrams are 
displayed in Fig^ In a peripheral reaction one assumes 
that the incoming pion interacts with the meson cloud of 
the proton only once. On the other hand one fully con- 
siders the final state interaction between the produced 
mesons. In a peripheral charge- exchange reaction, only 
isovector mesons have to be considered. The p-meson 
cannot contribute because of G-parity. This leaves the 
pion and the a i -meson as the only relevant mesons with 
parity P = (—1)"'"'"^ to be exchanged in the t-channel. 
The 02 for example cannot contribute in the reaction 
since it has quantum numbers = 2^^. However the 
ai-exchange is known to be important in peripheral ttN- 



reactions [13, [13 ■ 

The final state interaction of the produced mesons is 
described by an improved version of the JiiUch meson- 
exchange model[3,E|- This means we use the Blanken- 
becler Sugar scattering equation[3| to generate our pion 
pion T-matrix. 

T,,ik',k;E) = V,,ik',k;E) 

+ J2 [ d'^k'^iik', k"; E)Gi{k"- E)Ti,{k" , k; E) 

Here k and k' are the momenta of the initial and final 
particles in the center of mass frame and E is the total 
energy of the system. The propagator G has been con- 
structed in a way that ensures unitarity for the S'-matrix 
and is given by: 

Q r,:. ^ UJijk) + uJ2{k) 1 

' {2n)32LUi{k)LU2{k) E^ ~ (ujiik) + cu2{kW 

with 1^1/2 (fc) = ^fc-^ -f Furthermore V is calcu- 

lated in the one boson exchange approximation including 
s- and t-channcl graphs. The subscripts to the transition 
matrix T, the propagator G and the potential V indicate 
the coupled channels used in our analysis. They are the 
TTTT and the KK channel as well as the newly added ttoi 
reaction channels. When adding the latter we used the 
Wess-Zumino Lagrangian 20] for the aipTr-coupling. 

We also investigated whether our X.^-molecule was 
artifically generated by the independent choice of s- and 
t-channel form factors. Correlating the form factors by 
dispersion relations we found no hint in this direction. 
In the original model, only one scalar meson /o(1400) 
was included. Now we consider both the /o(1370) and 
the /o(1500) mesons as s-channel diagrams. The cou- 
plings of these mesons to the three reaction channels 
considered were adjusted to reproduce the two-pion de- 
cays of the resonances. We found gfo{\^7o)KK — 0.551, 

5/o(1370)7rai = 0.268, and 5/o(1500)7r7i- = 5/o(1500)ifi? = 

0.188. These are effective couplings which also simulate 
the influence of 47r decay channels. This is a minimal 
extension of the original Jiilich model which allows to 
discuss the structure of the /o(980), which is our main 
point of interest. To analyze the decay structure of the 
/o(1370) and the /o(1500) mesons, the inclusion of 47r 
decays would be required, however The tttt phase 
shifts obtained in the new model are very similar to the 
ones of Ref. Q . 

Given the large beam momentum, we describe the ini- 
tial TT- and a 1 -meson exchanges by the corresponding 
Regge trajectories. In ultrarelativistic two-pion produc- 
tion reactions, the cross sections decrease exponentially 
with the momentum transfer t. In the partial wave anal- 
ysis of the data, one therefore attaches a slope factor 
gb„(t-m^)^ The analysis of the BNL data required the 
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FIG. 2: The contribution of the S-wave to the total cross 
section is shown as a function of the invariant two-pion mass 
mTTTr- Solid line: the meson-exchange model; dotted line: con- 
tribution generated by pion exchange at the proton-neutron 
vertex; dashed line: contribution generated by ai exchange 
at the proton- neutron vertex. In the upper part, the S- 
wave contributions to the cross section from flU averaged for 
0.01 < — t < 0.1 GeV'^ are shown as a function of the invari- 
ant two pion mass, while in the lower part the corresponding 
data averaged for 0.4 < — t < 1.5 GeV^ are shown. The data 
are scaled according to the limits given in [2H . 

introduction of two different slope factors. We interprete 
the two slope factors as effective form factors of the pmr- 
and the pnai-vertices. Choosing fe^r = 10.0 GeV~^ and 
bai = 5.0 GeV~^, the model can reproduce the exper- 
imental slope up to = 2 GeV^, see Fig|T] The full 
t-dependence is given by: 

^^'^ - A — e''''^*-"') IT (m t)\^ 

+v4a,(l + tC)2e''»i* |r,,^_,,(m,,,i)|2 (1) 

Please note that and Aa^ are not constant and that 
adding the absolute values squared is to account for the 
hclicity structure as will be explained later. Furthermore 
G should be considered a free parameter as explained in 
[loj where our value of C = —4.4 GeV^^ was taken from. 

In Fig[21 the S-wave contribution to the total cross 
section is shown as a function of the invariant two-pion 
mass. In the upper part, the data integrated over the 
momentum range 0.01 < — i < 0.1 GeV^ show a broad 
strength distribution from threshold to about 1.5 GeV, 
interrupted by a dip near 980 MeV. Our microscopic 
meson-theoretical model is able to reproduce this behav- 
ior nearly quantitatively. The model includes the tttt, 
KK^ and ttoi reaction channels, but no coupling to the 
pp-channel. For the small momentum transfers displayed 
in the upper part of FigI21 the contribution due to the ex- 
change of a pion in the initial i-channel is dominant. For 
invariant masses m^jr ranging from threshold to about 1 
GeV, the experimental tttt phase shifts in the S'-wave rise 
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FIG. 3: The contribution of the S'-wave to the total rnr cross 
section is shown as a function of the invariant two-pion mass 
m^^. The transition potentials which couple to the KK- 
channel via meson-exchanges in the t-channel are multiplied 
by a scaling factor, long-dashed: A — 0.0, dotted: A — 0.75, 
dash-dotted: A — 0.88, solid: A — 1.0. The data shown are 
taken from the BNL E852 Experiment ^|. The upper and 
lower part refer to small and large momentum transfers, as in 
FigH 



almost linearly to about 100°. The corresponding partial 
wave amplitude therefore becomes negative in the vicin- 
ity of m^n-jr = 980 MeV. This implies a destructive inter- 
ference with the amplitude which describes the /o(980) 
meson and generates the dip seen in the data. At even 
higher energies the /o(1500) shows a similar behavior. 
At larger momentum transfers, the broad bump has dis- 
appeared in the data and one observes a narrow peak 
around 1 GeV. In that momentum regime (lower part 
of Fig|2l the contribution due to the pion in the initial 
t-channel is negligibly small within our meson exchange 
model and the oi exchange gives the dominating contri- 
bution. (This can be traced back to the different slope 
factors.) Due to the spin structure interference effects 
between ai- and 7r-exchange can be neglected since the 
a 1 -emission mainly conserves the helicity of the nuclcon 
whereas the 7r-emission dominantly flips the nuclcon he- 
licity. But since the resonant contribution is now in phase 
with the non-resonant background we observe the oppo- 
site behavior compared to the upper part: the /o(980) 
resonance shows as a peak. 

In contrast to an empirical analysis which assumes a 
smooth b ackgrou nd to which parameterized resonances 
are added the present approach derives the back- 

ground in a consistent way within our model. This is 
essential for interference effects. To illustrate this point, 
we performed a series of calculations in which the tran- 
sition potentials connecting the tttt channel and the KK 
channel via t-channel meson exchanges were multiplied 
by a scaling factor A which we changed from to 1. The 
t-channel meson exchanges within the KK channel were 
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FIG. 4: The upper kinematic limit of t is plotted against the 
invariant mass of the two pion system mnir for four differ- 
ent beam energies corresponding to GAMS 100 GeV, GAMS 
38 GeV, BNL 18.3 GeV and KEK 12 GeV. For comparison 
also the upper and lower limit applied in the experimental 
low momentum transfer cut are shown. 

scaled by the same factor. For A = 0, the tttt and KK 
channel can interact only via s-channel diagrams. The 
corresponding contributions to the S'-wave total cross sec- 
tions are shown in Fig|3| 

For small momentum transfers t between the proton 
and the neutron (upper part of FigOJ, one finds a broad 
strength distribution extending up to 1500 MeV, if the 
t-channel coupling to the KK channel is switched off 
(A = 0). Allowing a small coupling to the KK channel 
(A = 0.75), the cross section decreases in the energy re- 
gion between 1000 MeV and the onset of the /o(1370) 
resonance at about 1250 MeV. As the scaling strength A 
is further increased, a dip develops near m,r7i- = 980 MeV. 
For large momentum transfers t between the proton and 
the neutron (lower part of FiglSJ, a bump in the vicinity 
of TO^TT = 980 MeV appears when the coupling to the 
KK channel is switched on. 

Near m^^ — 500 MeV, a calculation without coupling 
to the KK channel overestimates the data. With in- 
creasing coupling strength A the shape of the experi- 
mental strength distribution and the relative size of the 
bumps centered at 171^^-^ = 500 MeV and m^^ = 980 MeV 
are reproduced. It is important to realize that this fea- 
ture emerges in a natural way from a model for the tttt 
phase shifts when proper Regge production amplitudes 
are used. Here for example the (1 + tC)^ part of Q, 
which already appears in early analysis of ttA'^ — > ttttN 
scattering data e.g. [i^l, is essential to the low energy 
part of the high momentum transfer case. 

One should further notice that a cross check with 
data from other experiments with different t-binning and 
beam energy is of course interesting but can only con- 
tribute limited information in our case. To arrive at this 
conclusion let us have a look at the influence of the beam 
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FIG. 5: The contribution of the S-wave to the total tttt 
cross section is shown as a function of the invariant two- 
pion mass m-n-n- The upper panel shows our prediction for 
0.01 < —t < 0.20 GeV^ together with experimental data 
from different beam energies. Crosses: 100 GeV GAMSp^. 
Squares: 38 GeV GAMS U^, Circles: 18.3 GeV BNLTi^. The 
lower panel compares two f-ranges and our corresponding pre- 
dictions: Circles and solid line: 0.3 < -t < 1.5 GeV^lTl 
Squares and interrupted lines: 0.3 < -t < 1.0 GeV^fll. The 
dashed line is the original model, the dotted line shows a cal- 
culation with /o(1370) couplings adjusted to the GAMS data. 



energy on the production. Firstly the beam energy en- 
ters as a factor of — , which cannot be observed by 

US, since the data is not normalized. Secondly it enters 
by limiting the range of the t-integration. This is shown 
in Fig. 0]for several beam energies together with the cut 
(0.01 < — t < 0.2) applied to the momentum transfer in 
the analysis. One observes that for the beam energies 
for which experimental data is available, the limits on 
t are essentially determined by the analysis and not by 
kinematics if one looks at invariant two pion masses be- 
low « 1800 MeV. This is strictly true for the data under 
consideration here since we do not consider the 12 GeV 
KEK data which are only available as an extrapolation 
to the pion pole. This means that below an invariant two 
pion mass of 1800 MeV the data sets should be identical 
up to an overall scaling. 

The invariant mass range to which our model is appli- 
cable extends up to at most 1.5 GeV. This means that 
the sets of data stemming from different beam energies 
should be identical in our invariant mass region of inter- 
est. Thus we compare the two sets of GAMS data at 
38 GeV and at 100 GeV and the 18.3 GeV BNL Data as 
is shown in Fig. |31 The upper panel shows the BNL data 
(filled circles) together with the GAMS data at 100 GeV 
(crosses) and at 38 GeV (open squares) for the low mo- 
mentum transfer case 0.01 < -t < 0.20 GeV^ We see 
that the data sets and our calculations are up to scaling 
in good agreement. Only the GAMS 38 GeV data devi- 
ates in shape from the other two data sets in the invariant 



two pion mass region 0.8 — 1.0 GeV and above 1.2 GeV. 

Comparing the sets of data in the case of high momen- 
tum transfer is not that easy since BNL only quotes a 
t-binning of 0.4 < -t < 1.5 GeV^ whereas GAMS quotes 
0.3 <-t < 1.0 GeV^. Nevertheless a comparison might 
be more rewarding since looking at different t-binning 
means looking at a different ratio of the two production 
mechanisms. To have at least a common upper limit we 
join bins for the BNL case to get a momentum transfer 
range of 0.3 < < 1.5 GeV^ and plotted it together 
with the GAMS 0.3 < -t < 1.0 GeV^ data and our cal- 
culations for both t-ranges. Having a common upper 
limit and knowing that production mainly takes place 
at low absolute momentum transfers |t| makes this ap- 
proach justifiable. This comparison is shown in the lower 
panel of Fig. The data coincide up to 1.05 GeV from 
where on they start to deviate strongly. It is tempting to 
assign the difference to the production in the momentum 
transfer range 1.0 < —t < 1.5 GeV^ and to interpret this 
as the /o(1370) being a very compact object which can 
be produced at large momentum transfers. Our calcula- 
tion shows a different behavior: The BNL data is reason- 
ably well described (solid curve compared to circles), but 
our model predicts a much too strong production above 
1.05 GeV in the case of the GAMS data. The dashed hue 
is our prediction in the case of the GAMS data which are 
shown as squares. In the following section we will point 
out that the BNL and GAMS data are inconsistent and 
that we are not in a position to judge which one is cor- 
rect so we also introduce a fit to the GAMS data (dotted 
line) by just varying the coupling of the Trai-channel to 
the /o(1370) and thus not changing the low momentum 
transfer behavior. The good agreement of this second 
fit to the GAMS data also at other momentum transfers 
(as can be seen in Fig. |SJ demonstrates that our con- 
clusions on the KK contribution to the /o(980) stand 
firm for both sets of data but only the parameters for 
the admixture of the /o(1370) need to be questioned. 

To come to the conclusion that the GAMS and BNL 
Data are inconsistent we looked at the highest momen- 
tum transfer range where data from both GAMS and 
BNL are available, 0.3 < -t < 0.4 GcV^. We show these 
data in the upper panel of Fig. El The GAMS data 
needed to be derived from the data published in by 
subtracting two sets of data. The resulting errors have 
been scaled down by a factor of four so that the errors 
shown here roughly correspond to the spreading of the 
data. We believe this to be a more realistic estimate 
of the error. Already at this momentum transfer range 
the two sets of data start to deviate in shape at about 
1.05 GeV even though they should be identical up to a 
scaling factor. Our calculation again reproduces the BNL 
data whereas the GAMS data are overestimated. When 
using the coupling parameter for the /o(1370) which has 
been fitted against the high momentum data of GAMS 
(dotted lines in Fig. |Sl&|njl instead of the parameter fit- 
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FIG. 6; The contribution of the S-wave to the total cross 
section is shown as a function of the invariant two-pion mass 
m^„. Both panels show the BNL data (Circle) jllj and the 
GAMS data (Squares) O- The GAMS data has been de- 
rived as the difference of two data sets and errors have been 
scaled down by a factor of four to guide the eye. The curves 
show the results of our calculation (solid line) and of a model 
with the /o(1370) coupling taken from the GAMS case in Fig. 
|5] (dotted line) . The upper panel shows momentum transfers 
0.3 < — t < 0.4 GeV^ and the lower panel momentum trans- 
fers 0.2 <~t< 0.4 GeV^ (No data available from GAMS). 

ted to the BNL data a good description is achieved, how- 
ever we find that our model reproduces the ^-dependence 
in the data very weU, both if we look at the BNL data 
only or at the GAMS data only. Of course we cannot 
resolve the discrepancy between the two data sets. 

A comparison of our model to the intermediate t-range 
is problematic since our predictions in this case are very 
sensitive to the slope parameters for tt and oi exchange, 
which in turn cannot be fixed to a sufficient accuracy by 
the fit to the ^ plot. This problem arises because our 
predictions strongly depend on the point where the pro- 
duction mechanisms become equally important and this 
point changes rapidly with the slope parameters. Fitting 
the data in this case would mean stronger fine tuning of 
the parameters than would be appropriate for a micro- 
scopic model like ours. In the lower panel of Fig. we 
nevertheless show our results for this momentum transfer 
range (0.2 < — t < 0.4 GeV^). In order to demonstrate 
that there is also a strong variation with the coupling 
to the /o(1370) we show both the calculation with an 
/o(1370) as demanded by the BNL data (solid fine) as 
well as the calculation with the /o(1370) which has been 
fitted to the GAMS data(dotted line) . Even though there 
is no GAMS data available in this momentum transfer 
range we can infer from the data shown in the upper 
panel in Fig. El which displays a subset of the t-range 
shown the lower panel, that above 1.05 GeV invariant 
two pion mass the data points of the GAMS experiment 
should be lower than the BNL data. Keeping in mind 
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FIG. 7: The contribution of the S-wave to the production 
n is shown as a function of the invariant two- 
kaon mass rrii^g. dashed: our model with overestimation 
due to missing 47r-decays, solid: Model with additional aa- 
channel. The data shown is taken from [23 ] with the bin width 
of 50 MeV not shown. 

which size of discrepancies has to be expected between 
the different experiments we conclude that even for the 
medium momentum transfer range our calculation repro- 
duces the main features of the data as good as one might 
expect from a microscopic model like ours. 

Finally, we compare the results of our model for the re- 
action 7r~p K°K°n with the published datajS^. The 
model works satisfactorily from threshold up to about 
1200 MeV. Beyond that energy, our model strongly over- 
estimates the production of neutral kaons (Dashed line in 
FigiZj). This is understood when comparing our effective 
couphngs to the decays of the /o(1370) and /o(1500) res- 
onances as listed in [2^ . We used a strong coupling to the 
KK to simulate decays which in reality go to 47r-channels 
thus naturally overestimating the kaon production. The 
solid line in Fig|7|shows a version of the model where this 
shortcoming has been removed by a mock crcr-channel to 
account for 47r-decays. A good description of the data is 
obtained even beyond 1200 MeV where the partial wave 
amplitudes are strongly dominated by resonances. 

We conclude that the Jiilich model which predicts a 
strong KK molecule contribution in the /o(980) can ex- 
plain the strong dependence of the S-wave production 
on the momentum transfer between the proton and the 
neutron near mjrTr = 980 MeV by an interference mecha- 
nism. 
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